It has long been known that pregnancy imposes a " burden " upon the maternal circulation. Gain in body weight (1, 2, 3, 4) , anemia (5, 6, 7) , increased cardiac output (8, 9, 10, 11, 12, 13) , increased oxygen consumption (8, 14, 15, 16, 17) , increased blood volume (18, 19, 20) , elevation in pulse rate (11, 21) and the addition of the placental circulation are all probable factors in the production of the increased load on the heart in pregnancy.
General studies on the circulation are being carried out at the Boston Lying-in Hospital in an attempt to understand the physiology of the circulation in pregnancy and to determine, if possible, the nature of this so-called "burden" on the circulation. It was hoped that such studies would lead to a practical, satisfactory method of predicting and diagnosing early heart failure in pregnant women with heart disease before the clinical signs of cardiac decompensation become evident.
This communication presents, in the main, studies on the circulation of a group of normal pregnant women, with particular emphasis on the velocity of blood flow. This aspect of the circulation in pregnancy has received little attention in contrast to its extensive study in non-pregnant individuals (22 to 37 inclusive).
The only two studies on the velocity of blood flow in pregnant women can be reviewed briefly.
F. Klee (38) in 1924, studied the circulation time (which varies inversely with the velocity of blood flow), in pregnancy by the fluorescein method of Koch (37) . He made single observations on 100 pregnant women in the last three months of pregnancy and found that whereas in normal nonpregnant controls the average circulation time was 20.8 seconds, in pregnant women there was a slow-1 This is the first of a series of papers concerning various aspects of the circulation in pregnancy.
ing to 25.2 seconds in primiparae and to 23.4 seconds in multiparae. The maximum slowing occurred in the eighth month. W. Spitzer (39) in 1933, using the decholin (sodium dehydrocholate) method of Winternitz, Deutsch and Brull (27) , studied the velocity of blood flow in 27 normal pregnant women and in 29 abnormal ones. From single observations on each patient he found no change between normal pregnant women and normal non-pregnant controls (the circulation time, arm to tongue, for normal non-pregnant individuals varied between 8 to 14 seconds, no average given; for normal pregnant ones the variation was between 10 and 16 seconds, with an average of 14.3 seconds). There was some slowing of the circulation in 4 cases of toxemia of pregnancy (25, 16.5, 26 and 25 seconds), in 3 cases of eclampsia (22, 17 and 17 seconds) and in 1 case of mitral stenosis (19 seconds) . On the basis of these findings Spitzer suggested that this test might be used as an efficiency test for cardiac function in pregnant women with cardiac disease and as a test for the severity of the toxemias of pregnancy.
PROCEDURE
The subjects for this study were obtained from the prenatal clinics of the Boston Lying-in Hospital and only those who had no serious medical or obstetrical complication were included in the normal group. Observations were made, when possible, at monthly intervals throughout pregnancy; at 2 and 6 weeks postpartum and in some patients 7 weeks or longer after delivery. The number of observations on the same patient varied between 1 and 10.
The following determinations were usually made at each visit: weight, arterial blood pressure, pulse and respiratory rates, circulation time (28) (arm to carotid, crude pulmonary and venous), 607 vital capacity, subcostal angle, hemoglobin, hematocrit and, in some patients, venous pressure and basal metabolic rate. Seven foot x-rays of the heart and electrocardiograms were taken on some of the patients in this study. Basal metabolic rates were determined on the patients in whom there was any suspicion of thyroid dysfunction. Every patient at each visit received a careful physical examination of the heart, lungs, abdomen and extremities.
All patients were studied under basal conditions, i.e., fasting and resting. Determinations of venous pressure were preceded by at least 20 (28) , which consists of the injection of sodium cyanide into a vein and measuring the time elapsing between its injection and the appearance of a characteristic respiratory response. The technique of determining the arm to carotid (referred to subsequently in this paper as the A-C), crude pulmonary (referred to subsequently as the pulmonary), and the venous circulation time, which was used throughout this study has been fully described in previous reports by Robb and Weiss (28, 29) . In some instances the decholin method (which measures the arm to tongue circulation time), as modified by Gargill (34) , was used in conjunction with the cyanide method.
The surface area was computed from heightweight tables based on the formula of DuBois and DuBois (41) for surface area. The subcostal angle, except where otherwise noted, was measured with a protractor; the determining points for the angle measured being the xyphoid process, and points 7 cm. distant from it, on the border of each costal margin. Hemoglobin determinations were made with a Sahli hemoglobinometer calibrated so that 100 per cent represents 15.6 grams of hemoglobin per 100 cc. of blood. Hematocrit readings were made by the Wintrobe method (42) . Edema was noted from either history or physical examination or both. Either subjective or objective evidence of shortness of breath was interpreted as dyspnea. The duration of gestation in weeks, which represents the time during pregnancy at which any given observation was made, has been calculated back from the actual date of delivery; the duration of a normal full term pregnancy being taken as 40 weeks. In those patients whose pregnancy was terminated at any point before term, the date of observation in terms of duration of pregnancy was calculated in the usual manner (Naegele's method) from the date of the last menstrual period.
RESULTS
Of 37 normal pregnant women studied (Table  I) , there are 20 primiparae, 10 secundiparae, 3 tertiparae, and 4 quadriparae. The average age of the group is 24.5 years; of the primiparae 22.9 years, of the secundiparae 24.8 years, of the tertiparae 28.3 years, of the quadriparae 28.5 years.
Arm to carotid circulation time One hundred and forty-three determinations of the A-C circulation time were made on 36 normal pregnant women; 100 observations ante partum and 43 postpartum (Figure 1 ). The A-C circulation time varied between 10 and 24 seconds, ante partum, an average of 14.5 seconds; between 9 and 23 seconds, postpartum, an average of 14.9 seconds. The normal range in non-pregnant individuals by the cyanide method is from 9 to 21 seconds with an average of 15.6 seconds (28 CotoCoI-.t.. 15.6 seconds. These late postpartum observations constitute a normal control group for this study.
The shortening of the circulation time indicated by the curve of average values (Table II) (Figures 2 and 3 (Table II) although the change could not be detected in every case.
There was no obvious correlation between the pulmonary circulation time and the pulse rate and hemoglobin respectively (Figures 5 and 6 ).
Venous circulation time The venous circulation time was calculated 108 times, 76 before, 32 after delivery, in 29 normal pregnant women. It varied between 1 and 9 seconds ante partum (average 4.1 seconds). The postpartum variation was between 1 and 10 seconds (average 4.5 seconds). The average venous time after the seventh week postpartum was 6.0 seconds. The normal non-pregnant variation in venous time by the cyanide method is from 1 to 9 seconds (average 4.5 seconds) (28) . Since the average pulmonary circulation time showed relatively slight change throughout pregnancy and the puerperium (Figure 4) and because of the method of calculating the venous time, it is evident that the changes in the average venous time will vary as the A-C circulation time varies (Figure 7) . No During the latter weeks there was a tendency for both measurements to rise (Figure 8 ). This observation is in accord with that of Kuhnel (5) . Of 15 patients, 10 showed an increase in the postpartum hemoglobin value; 5 showed a decrease. Of 18 patients, the hemoglobin rose in 14 by the 7th week postpartum; 4 showed a decrease.
DISCUSSION

Method
The cyanide method proved to be practical for studying the velocity of blood flow in pregnant women. Sodium cyanide, in the doses reported here, can be administered to pregnant women without harm to either mother or child. Early in the study, the fetal heart was examined with the fetoscope during and after the administration of cyanide and no apparent change in rate or rhythm was noted. No ill effects to the baby were demonstrable at birth or afterwards. There was one fetal death but it was clearly unrelated to the administration of cyanide. (Table I Table II. nitrite, sodium nitrite, sodium thiosulphate and methylene blue (48) , were always at hand but it was never necessary to use them.
The decholin method of Winternitz, Deutsch and Bruill (27) , as modified by Gargill (34) , was used in a few patients. Because, in some there was vomiting and in others the response was not definite or consistent, perhaps due to the raising, by 60 per cent, of the threshold for bitter taste in pregnancy described by Hansen and Langer (49), this method was not felt to be as satisfactory as the cyanide method.
For pregnant women the effective dose of sodium cyanide was less per kilogram of body weight than that used in normal non-pregnant subjects (28) . The increase in the weight of the mother caused by pregnancy might cause a relative decrease in dosage; but this explanation is probably incorrect because the dose required is usually greater after delivery than before. The smaller dose might reflect an increased sensitivity of the carotid sinus in pregnancy.
Results
The values for the A-C circulation time in normal pregnancy fall almost without exception within the normal non-pregnant limits of 9 to 21 seconds (28) . From as compared with the cardiac output, demonstrated by Burwell and Strayhorn (8) , are additional evidence that the circulation is speeded during pregnancy.
In the last 4 weeks (37th to 40th) there is an apparent increase in the A-C circulation time as compared with the preceding weeks. The number of observations in the 37th to 40th week period presented here is not sufficient to establish this point. The fact that the pulmonary circulation shows a parallel, though slight, rise during the same period, and the observation that a group of 33 pregnant women with compensated heart disease (50) shows a similar change in the last 4 weeks of pregnancy, are, however, further corroborative evidence. Burwell and Strayhorn (8) have shown, furthermore, that the cardiac output increases during pregnancy but that during the last weeks it is less than in the preceding months. Gammeltoft (10, 11) found a similar change. This change is corroborative evidence that the A-C circulation time is increased in the 37th to 40th week period, if the assumption is correct that, other factors remaining equal, the speed of the circulation varies directly with the cardiac output (51) .
Following delivery there is again a decrease of the A-C circulation time, which seems to persist for several weeks after delivery (Figure 1 ). Further evidence that the circulation is speeded immediately postpartum and for some time afterwards, is given by Gammeltoft (10, 11) and Haupt (13) , who showed that the cardiac output, although less postpartum than ante partum, did not return to the normal non-pregnant level for several weeks (as long as 4 months in 1 patient of Gammeltoft) after parturition. From the observations presented here, it appears that the A-C circulation time returns to normal certainly by the sixth month postpartum and probably earlier.
The explanation of the decrease in the circulation time during pregnancy and early in the puerperium (to the 7th week) is not clear. The various factors known to affect the velocity of blood flow in non-pregnant individuals should be considered.
Anemia in non-pregnant individuals has been reported to cause a decrease in the pulmonary, arm to arm, and arm to tongue circulation times (22, 30, 34) and histamine reaction time (35) .
In most of the patients in this series a fall in hemoglobin and hematocrit values typical of pregnancy was observed (5) . There seems to be no apparent correlation, however, between the per cent of hemoglobin and the A-C circulation time when these two factors are plotted against each other (Figure 3) . Neither is there any apparent correlation between the individual hematocrit readings and A-C circulation time. Yet, when the average values for hemoglobin and hematocrit readings are plotted, the resultant curves are similar to the course of the average A-C circulation time during pregnancy (Figure 8 ). Immediately after delivery and up to the 7th week postpartum this apparent similarity is absent.
A decrease in the pulmonary, arm to arm, and arm to tongue circulation times (22, 25, 34, 36) and histamine reaction time (35) has been reported in non-pregnant cases of hyperthyroidism. It has also been reported that the basal metabolic rate is increased in pregnancy (15, 52, 53, 54) . This might account for the decreased circulation time demonstrated in this series. The occasional measurements of basal metabolic rate, while not sufficient in number to be conclusive, were within normal limits, however, in spite of the decreased circulation time. The postpartum decrease in the A-C circulation time observed is probably not due to increase in the basal metabolic rate, since this and oxygen consumption are reported to return to normal within a few days postpartum (15, 16, 53) , while the cardiac output and velocity of blood flow do not for several weeks at least (10, 11, 13) .
The pulse rate is elevated during pregnancy and drops on the average about 10 beats per minute (Table II) after -delivery. There seems to be no correlation, however, between the A-C circulation time and pulse rate as regards either individual observations (Figure 2) or average values (Figure 8 ).
There is an increased cardiac output during pregnancy (8, 9, 10, 11, 12, 13) which might contribute to the decrease in the A-C circulation time or might be dependent upon it. Further study is necessary to elucidate this point.
It, was shown by Esiaschwili (55) that the viscosity of the blood is decreased in pregnancy up to the sixth month, is slightly increased in the seventh month, is unknown in the latter months, and presents a consistent postpartum rise. It is known that the speed of flow of a liquid varies inversely with its viscosity (Poiseuille's law).
Lowered blood viscosity would result accordingly in increased velocity of blood flow.
Nygaard, Wilder and Berkson (56) showed that the relation of the viscosity of whole blood to the hematocrit readings may be expressed by the linear equation Vwb = 0.978 + 0.098H, where V.b =the viscosity of whole blood and H _ hematocrit reading in per cent (this relationship holds only when the hematocrit reading ranges between 15 to 50 per cent).
The average viscosity was calculated, from this equation, for the various periods of pregnancy and the puerperium. There is a steady decrease to the 37 to 40th week period (Table II) when an increase occurs and continues on through the postpartum period.
When the average viscosity values are plotted with the average values of the A-C circulation time there is a similarity in the curves ( Figure  8 ) which suggests that there is a definite relationship between the blood viscosity and the velocity of blood flow. Immediately after delivery, however, and up to the 7th week postpartum this apparent similarity is lacking. Although the complex bodily readjustments which occur during this time (from delivery to the 7th postpartum week), make a simple explanation of the speeding of the A-C circulation difficult, it seems possible that lactation, with its concomitant physiological changes, is an important factor.
From the preceding discussion it is evident that there are several factors which might produce the acceleration of the circulation in pregnancy. The decrease in the viscosity of the circulating blood would seem to be one of the most important since the changes in the velocity of blood flow which occur simultaneously with, or are dependent upon it, coincide with Poiseuille's law.
The results presented here seem at first glance to disagree with the work of Klee (38) who found a slowing in the rate of flow of the circulation in pregnancy. However, the fluorescein method of Koch (37) which he used, necessitates that the test substance traverse the peripheral capillary circulation, which in the measurements of the A-C circulation by the cyanide method is not the case. Since the velocity of the circulation is reported as slowed in the capillaries in normal pregnancy (38, 57) there need be no contradiction in the results. Klee also reported a difference between primiparae and multiparae but since only single observations during the last three months of pregnancy were made his results are difficult to evaluate. Such a difference was not demonstrated in this series.
In a study by Spitzer of the circulation time in pregnancy, the use of the decholin method indicated no difference in the arm to tongue pathway between normal non-pregnant and pregnant women. In that study single observations were made on 27 normal patients, all in the last three months of pregnancy. This fact, plus the possible effect of the altered sensibility of the tongue in pregnancy (49) make the results from that study difficult to compare with those obtained by the cyanide method.
The values for pulmonary circulation time fall, without exception, within the normal non-pregnant limits of 7 to 14 seconds. Its curve follows quite closely that of the average A-C time (Figures 4, 7, 8 ), although the changes are slight. Between it and the pulse rate and hemoglobin (individual observations) no evident correlation exists ( Figures 5 and 6 ). X-ray photographs of the lungs during normal pregnancy show an increase in the pulmonary markings (58) which might be interpreted as being due to increase in the size of the capillary bed. If this is true, it would account for the relatively slight increase in the velocity of the pulmonary blood flow as contrasted with that observed in the A-C pathway. It would also account for the increase in total amount of blood flowing through the lungs, coincident with the increase in cardiac output, without an increase in the velocity of pulmonary flow.
Since the pulmonary circulation time shows but slight change throughout pregnancy and the puerperium, the venous circulation time follows the changes observed in the A-C time and the factors influencing it are the same as those discussed in relation to the A-C circulation time. The speeding of the circulation apparently occurs in this component of the circulatory pathway and not in the pulmonary circuit.
VELOCITY OF BLOOD FLOW IN NORMAL PREGNANT WOMEN
The vital capacity, blood pressure, pudse rate, respiratory rate, venous pressure, and subcostal angle showed no apparent relationship to the changes observed in the circulation time and need not be discussed here.
Neither dyspnea or edema bore any constant relationship to the changes in the velocity of blood flow (Table I) . CONCLUSIONS 1. The arm to carotid, pulmonary and venous circulation times can be studied safely in pregnancy by the cyanide method.
2. The values for the arm to carotid, pulmonary and venous circulation times fall within the normal non-pregnant range.
3. There is a decrease in the average arm to carotid circulation time from the 17th to the 36th week of pregnancy, inclusive.
4. There is probably an increase in the average arm to carotid circulation time, relative to the 17th to 36th week period, in the period from the 37th to the 40th week.
5. There is a decrease in the average arm to carotid circulation time following delivery which persists until the 7th postpartum week; after which the arm to carotid circulation time returns to the normal non-pregnant level.
6. There is little change in the pulmonary circulation time during pregnancy, although the trend is the same as that of the arm to carotid circulation time.
7. The speeding of the circulation in pregnancy seems to occur in the peripheral venous component of the vascular system. 8. Various factors that might decrease the circulation time in pregnancy are discussed, and, of them, the decreased viscosity of the blood is considered the most probable important contributing factor.
